Chopped green bell pepper pieces were blanched (95°C, 5 min) and chemically pretreated (1% potassium metabisulphite solution, 25 min at room temperature) before drying in hot air dryer (HAD) at various temperature ranges (60 -80°C). Three vacuum levels (200, 400, 600 mm Hg) and microwave power levels (100, 200, 300 W) were also used to dry green bell pepper samples in a vacuum-assisted microwave (VAM) (2.45 GHz, 0.8 kW) dryer. VAM drying methods offered a maximum reduction by four to five times in drying time as compared to that in HAD. The logarithmic model was found to have the best fit based on high R 2 and small values of reduced χ 2 and RMSE. VAM method has higher values for effective moisture diffusivity (D ef f ) and lower values for activation energy (Ea), in comparison to the HAD method.
Introduction
Green bell peppers (Capsicum annum L.) are a non-pungent pepper variety of the genus Capsicum of Solanaceae family. They are thickfleshed and have unique heart shape, 7 to 10 cm in length and 5 to 7 cm wide (medium, elongate) and are consumed green or ripe in salads, soups, pasta, stews, pickles, tarts, risottos, and relishes. Like other vegetables, they are quite perishable, facing high losses due to storage problems, and inappropriate processing technologies. The price of bell peppers varies widely in the market, declining during peak season and increasing in lean season during a year. To permit the availability of the product all-round the year and prevent post-harvest losses, drying is one of the important preservation methods. Dried bell peppers are used in food mixtures, salad dressings, instant soups, frozen pizzas and many other convenience foods. Drying stabilizes the fresh product as it lowers the water activity, thus prolonging the keeping quality, reducing the storage volume and decreasing transport costs (Govindarajan & Salzer, 1985) . Choosing an appropriate drying method is an important criterion as bell peppers are very sensitive to temperature. Sun and solar drying methods have been suggested for green bell peppers (Tunde-Akintunde & Ogunlakin, 2011) , but mechanical drying such as tray and conventional hot air drying methods have been mainly used. Prolonged drying time and surface overheating in conventional hot-air drying cause colour darkening, flavour loss and a decrease in rehydration ability. Freeze drying can be an alternaCopyright ©2017 ISEKI-Food Association (IFA) tive method, where the end product has better colour, flavour, and rehydration ability but has the limitation of high cost and longer processing time. Vacuum drying is yet another method used for heat sensitive fruits and vegetables. However, due to the ineffectiveness of convection at low pressure, which causes difficulty in the transfer of heat energy to the sample load and the higher installation and operating costs (Woodroof, 2012) , its use has limited advantages. The desire to prevent significant quality loss and to achieve fast and effective dehydration has resulted in increasing use of microwave heating for food drying (Giri & Prasad, 2007) . Unlike other drying methods, microwave drying is rapid, more uniform and energy efficient as heat is generated from the inner section of food and both heat and mass transfer in the same direction. In recent years, vacuum-assisted microwave (VAM) drying has been investigated as a potential method for obtaining high quality dried food products, including fruits, vegetables, and grains (Giri & Prasad, 2007) . VAM drying combines the advantages of both: low-temperature evaporation of moisture with faster moisture removal by vacuum and rapid volumetric heating by microwave (Cui, Xu, & Sun, 2003) , thus increasing the overall product quality and energy efficiency. Various investigations have been carried out on VAM drying, but very little information is available regarding the drying kinetics of green bell peppers. Drying kinetics define the moisture removal process and its dependence on the process variables like drying condition, types of dryer and characteristics of the material to be dried (Guine & Fernandes, 2006) . The effect of vacuum in microwave drying operation is system specific and for successful design and operation of an industrial VAM drying system, knowledge of the drying characteristics of the material to be dried under a range of condition is vital. Very little literature focuses on modelling of VAM dried food products. The process of coupled heat and moisture transfer during VAM drying of a soluble food concentrate has been described by Lian, Harris, Evans, and Warboys (1997) , where they considered the moisture transfer as a combination of simultaneous water (liquid) and vapor transfer. Kiranoudis, Tsami, and Maroulis IJFS April 2017 Volume 6 pages 67-81 VAM drying of green bell pepper 69 (1997) studied the mathematical model of the microwave vacuum drying kinetics of some fruits. An empirical mass transfer model, involving a basic parameter of phenomenological nature, was used, and the influence of process variables was examined by linking them to the drying constant. In modelling of drying systems, the biological changes within the food are the main cause of concern and should be taken into consideration when modelling material moisture content and temperature profile of a drying system (Mujumdar, 1980) . The lack of published work on the VAM drying kinetics of green bell peppers, either regarding empirical models or regarding diffusivity model explains the interest in the present work. The aim of the present work was to investigate vacuum-assisted microwave drying characteristics of green bell pepper and to compare with hot air drying with respect to drying kinetics.
Materials and Methods

Drying preparation
Fresh green bell peppers were procured from the local market of Kharagpur, West Bengal, India. The sorted bell peppers were washed in cold water and cut with knives into approximate sizes of 40 mm×40 mm with a thickness of 4±0.5 mm. Initial moisture content before drying was observed to be in the range of 11.50 to 15.71 kg of water kg of dry matter −1 . After cutting, they were blanched with hot water at 95°C for 5 min with a ratio of bell pepper pieces to blanching water of 1:5. Pretreatment was carried out by dipping fresh bell pepper pieces in a solution of 1% potassium metabisulphite solution for 25 min at room temperature. The ratio of bell pepper to pretreatment solution was similar to the water blanching method. Untreated, blanched and chemically pretreated samples were spread uniformly in a single thin layer in a hot-air dryer. For VAM drying, cut samples were taken without any treatments. The levels of each variable were selected by earlier research work and trial experiments (Jayaraman, Gopinathan, Pitchamuthu, & Vijayaraghavan, 1982; Wesley, Chakraverty, & Sukumaran, 2002) .
Experimental apparatus
Hot-air drying system
The hot-air dryer (SD Instruments Pvt. Ltd, Kolkata, West Bengal, India) (Figure 1) , was used for drying of green bell pepper. Heaters, heating control units, drying chambers, blowers, air flow duct, measurement sensors, and control panel, were the main components of the dryer. In total, three heaters were used comprising two booster heaters and one control heater of 3500 kW. All interior parts of the hot air dryer including trays were made of stainless steel -304 and 5 cm thick insulation was provided on all sides of the dryer. The temperature of the heated air was displayed on the control panel, which was measured by a Pt-100 sensor (Platinum resistance thermometers, Silicon Pvt. Ltd., Mumbai, India). 
Vacuum-assisted microwave drying system
The experimental VAM drying setup ( Figure  2 ) consisted of a microwave oven (0.8 kW) (Model: Samsung), a variable voltage transformer (variac), a glass vacuum desiccator, hose pipe, condenser and pressure gauge. The power output of the microwave oven was modified with the help of the variac. The glass IJFS April 2017 Volume 6 pages 67-81 vacuum desiccator containing the sample was put inside a microwave oven, and the lid of it was attached to a vacuum pump through a hose pipe. The vacuum was monitored by a vacuum gauge and controlled by a pressure regulator. A condenser was also attached to the hose pipe for condensing the water vapour at low temperature. 
Experimental procedure
To achieve steady state temperature conditions during each experimental run, the hot-air dryer was started one hour before the actual experiment. Untreated, chemically pretreated and blanched green bell pepper samples were weighed and spread uniformly in a single layer over the tray. Drying experiments were performed at 60, 65, 70, 75 and 80°C. Relative humidity of the ambient air changed in between 20% to 23%. For VAM drying experiments, three levels of vacuum (200, 400, 600 mm Hg) and microwave power (100, 200, 300 W) were used to dry samples of green bell pepper in a vacuum assisted microwave (2.45 GHz, 0.8 kW) dryer. The glass desiccator containing freshly cut green bell pepper sample was put inside the microwave oven and covered with the lid. The desiccator was connected to the vacuum pump through the hose pipe with the condenser in between. The vacuum was maintained inside the desiccator with the help of pressure regulator valve. Once the vacuum was achieved, the microwave oven was switched on, and various power levels were set with the help of voltage variac. The weight of the samples was periodically recorded after switching off the microwave oven and releasing the vacuum. The weight loss of samples in both the drying methods was measured using analytical balance (Sartorius TE 153S, Sartorius Weighing India Pvt. Ltd., Bangalore, Karnataka, India) in a range of 0 -300 g (±0.001 g) during drying at 5 min intervals for the first half hour, then 10 min for the next hour, followed by 15 min interval for the next 1.5 hours and finally at every half hour interval until it reached 0.06 to 0.07 kg of water kg of dry matter −1 . In both the drying methods i.e. HAD and VAM drying, the whole process of recording the data and placing the sample back in the dryer took almost 20 seconds. The drying process was continued for a given set of drying conditions until two successive observations of the weight of the sample were same. The final dried sample was cooled to normal temperature in a desiccator containing silica gel and then packed air-tight in low-density polyethylene pouches by heat sealing. Each experiment was performed in triplicates.
Theoretical considerations
Modelling of the thin layer drying curves
For studying the drying characteristics of green bell pepper, it is very important to model the drying behaviour effectively. The data obtained at different drying temperatures were fitted into three commonly used thin layer drying models, as listed in Table 1 . In single layer drying experiments, the moisture ratio of green bell pepper was calculated using the following Eq. 1.
The drying rates of green bell pepper were calculated using Eq. 2.
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Where, M o is the initial moisture content of the product (db), M e is the equilibrium moisture content (g water g dry matter −1 ), M t+∆t , and M t , are the moisture content (g water g dry matter −1 ) at time t+∆t and t respectively, and ∆t is the drying time in minutes. Over a long period, convective drying values for Me stands negligible (Diamante & Munro, 1991; Giri & Prasad, 2007; Tulek, 2011) . Thus, Eq. 1 can be simplified as Eq. 3.
Correlation coefficients and error analysis
To evaluate the goodness of fit of the mathematical models, correlation coefficient (R 2 ), reduced chi-square (χ 2 ) and root mean square error (RMSE ) were calculated. The best model describing the thin layer drying characteristics of green bell pepper was chosen as the one with lower χ 2 and RMSE and higher R 2 values. These parameters can be calculated as follows:
Where,
Where, MR exp,i , is the i th experimental moisture ratio, MR pre,i , is the i th predicted moisture ratio, N is the total number of observations and Z is the number of constants.
Calculation of effective moisture diffusivities
The drying characteristics of biological products in the falling rate period are described by using Fick's diffusion equation. Assuming a constant moisture diffusivity, infinite slab geometry, and uniform initial moisture distribution in the food sample, Eq. 9 can be used to predict the moisture diffusion.
Where, D ef f is the effective moisture diffusivity (m 2 s −1 ), t is the drying time (min), L o is half the thickness of slab (m), and n is a positive integer. For long drying period, Eq. 9 can be further simplified to only the first term of series. Thus, Eq. 10 is written in a logarithmic form as follows
The effective moisture diffusivity is obtained by plotting experimental drying data in terms of ln (MR) vs. drying time (Eq. 10) because the plot gives a straight line with a slope as follows (Wang et al., 2007) .
Calculation of activation energy
The temperature dependence of the effective diffusivity has been shown to follow an Arrheniustype relationship (Eq. 12) (Saravacos & Maroulis, 2001; Simal, Mulet, Tarrazo, & Rossello, 1996) .
Where, D o is the pre-exponential factor of the Arrhenius equation (m 2 s −1 ), E a is the activation energy (kJmol −1 ), R is the universal gas constant (8.314×10
−3 kJmol −1 K −1 ), and T is the absolute air temperature (K). The activation energy was determined from the slope of the Arrhenius plot, ln(D ef f ) vs. T −1 . As the temperature was not precisely measurable IJFS April 2017 Volume 6 pages 67-81 (2002) inside the microwave drier, the activation energy was found from the revised Arrhenius equation.
In the first method, it was assumed as being related to the drying kinetic rate (k ) and the ratio of sample weight to microwave output power (w/P ) instead of air temperature. Then Eq. 13 could be effectively used (Dadali, Apar, & Ozbek, 2007) as follows:
Where, k is the drying rate constant obtained by using the best model (min −1 ), k o is the preexponential constant (min −1 ). In the second method, the correlation between effective diffusion coefficient and (w/P ) was used for calculation of the activation energy.
Where, E a is the activation energy (Wg −1 ), w is the mass of raw sample (g), and D o is the preexponential factor (m 2 s −1 ).
Results and Discussion
Moisture content
For all experiments, the initial moisture content before drying was observed to be in the range of 11.50 to 15.71 kg of water kg of dry matter −1 . The relationship between moisture content and drying time for HAD and VAM dried samples are shown in Figures 3, 4 and 5, and exhibited a non-linear decrease of moisture with drying time. From these graphs, it was evident that microwave power had more pronounced effect on drying time as compared to the system vacuum. For a given microwave power of 100 W, the drying time decreased by 40% from value of 450 min at 200 mm Hg to 250 min at 600 mm Hg. At a higher power level of 300 W, the system vacuum had no effect on the drying time, being 75 min at all system vacuum levels. At a vacuum level of 200 mm Hg, the drying time decreased by 83% from the value of 450 min at 100 W to 75 min at 300 W. Similarly, at 400 mm Hg and 600 mm Hg, there was a decrease of 78% and 70% in drying time, respectively. It was evident from Figure 7 that the drying time decreased with the increase in power output. However, the effect of system pressure on drying time was not as significant as that of microwave power. As can be seen in Figures 6 and 7 , the drying time ranged from 660 min (untreated sample at 60°C) to 360 min (blanched sample at 80°C) in case of HAD and 75 min (300 W) to 450 min (100 W) in case of VAM drying, being generally lower at higher drying temperatures and power levels. The decrease in total drying time with an increase in drying air temperature and the power level was due to the increase in the water vapour pressure within the samples which increased the migration of moisture from inside of the product to its surface. In HAD, the decrease in relative humidity of drying air at a higher temper-IJFS April 2017 Volume 6 pages 67-81 ature also increased its moisture carrying capacity. The results are in agreement with the work of earlier researchers (Bhattacharya, Srivastav, & Mishra, 2015; Chauhan & Srivastava, 2009; Giri & Prasad, 2007) . VAM drying methods offered a maximum reduction by four to five times in drying time as compared to that in HAD. 
Drying rate
The variation in drying rate of untreated, chemically pretreated and blanched sample with mois- Figure 8 . Higher drying rates were observed at the beginning of drying process when the moisture content of the product was higher. No constant rate period was found and drying mostly took place in the falling rate period for all the cases. This indicated that the overall drying process was being governed by internal diffusion phenomena. Figure 9 shows the variation in drying rate with moisture content for different microwave power levels at 400 mm Hg. Constant rate drying was not found in any of the microwave power and system vacuum combinations. High moisture foods usually have a constant rate of drying, but this IJFS April 2017 Volume 6 pages 67-81 Figure 7 : Drying time of green bell pepper at different microwave power and vacuum levels was not observed in the present study of green bell pepper. The probable reason may have been instant heating in the thin layer arrangement and very rapid heating by microwaves. As evident from Figure 9 , the drying rate was higher at higher microwave power. The influence of power on drying rate was markedly higher when the moisture was higher. The same trends were also seen in the work of Giri and Prasad (2007) , and Chauhan and Srivastava (2009) . There was no significant difference in the drying rates among different power levels after moisture content reached value less than 3.0 gram water gram dry matter −1 . This indicated the significance of internal resistance to mass transfer at low water content in green bell pepper. Since the amount of microwave energy absorbed by the food material is dependent on its dielectric properties and electric field strength (Mudgett, 1990) , the material will absorb more microwave power, and heating is faster at high moisture content. The values of dielectric constant and loss factors are higher at a higher moister content of the food material. With drying of food material, its moisture content decreases and thus microwave energy absorption decreases leading to falling in the drying rate at the later stage of drying (Khraisheh, 1996; Sharma & Prasad, 2001 ). Microwave heating under vacuum resulted in large increase in drying rates (almost four to five fold) as compared to hot-air drying throughout the drying process. 
Validity of models
Various drying models (Table 1) were fitted to the HAD and VAM dried experimental data (MR vs. time) in their linearized form using regression techniques. The model coefficients for all the three models were estimated by a non-linear regression technique using software Origin Pro 8.5.0 (Origin Lab Corporation, Northampton, Massachusetts, USA). The comparison of the applicability of all three models was done on the basis of the coefficient of determination (R 2 ), reduced chi-square (χ 2 ) and root mean square error (RMSE ). Figures 10 and 11 . It was observed that consistency of fitting the drying data into the logarithmic model was very good for all the experimental drying air temperatures and microwave power level. The rate constant, k, which is a measure of the drying rate, significantly increased with drying air temperature resulting in substantial reduction in total drying time. Table 3 lists the model constants obtained by application of three equations to the experimental drying data. The drying constant (k ) for untreated sample of green bell pepper in HAD increased from 0.00578 to 0.00969 m −1 with the increase in drying air temperature from 60 to 80°C. It can be seen from the Table 3 that k values for VAM drying of green bell pepper were higher than HAD. In VAM drying, the value of k increased as the microwave power and system vacuum increased. For a given microwave power level of 100 W, the value of k was found out to be 0.98034, 1.1159 and 2.1497 at 200, 400 and 600 mm Hg respectively. The probable reason may be because higher microwave power and system vacuum helped in increasing the driving force of heat and mass transfer. The values for parameters 'k ', 'a' and 'c' were in proximity to those reported in the literature for green bell pepper and other products (Arslan & Ozcan, 2011; Di Scala & Crapliste, 2008; Darvishi, Khoshtaghaza, Najafi, & Nargesi, 2013) . during drying. Average values of D ef f at different temperature and microwave power are presented in Table 3 . The maximum value of diffusivity was found to be 9.5043×10
−9 in the case of the blanched sample dried at 75°C air temperature and 6.5976×10 −7 at 300 W and 600 mm Hg in VAM drying. It was evident from Figure 12 that D ef f increased with a decrease in moisture content of the products. The possible reason for this kind of behaviour was that the initial sample temperature was less than drying air temperature at the beginning of the drying process. The temperature of the product increased gradually as moisture content decreased and hence the value of D ef f increased, as mass diffusivity values have been reported to be a function of moisture content and temperature (Geankoplis, 2003) . Hence in spite of a decrease in drying rate, the diffusivity value increased with the decrease in moisture content only because of the increase in product temperature. 
Activation energy
The effect of temperature on the diffusivity was expressed by the Arrhenius equation, where the logarithm of the diffusivity exhibited a linear relationship against the reciprocal of the absolute temperature (Figure 14) . In the case of HAD, the values of activation energy E a and D 0 were found out to be 43.38 kJmol −1 and 7.730×10 −2 , Figure 13 : Variation in D ef f with moisture content of green bell pepper samples at 400 mm Hg respectively. The results were found to be similar to the work of Doymaz and Ismail (2010) , and Taheri-Garavand, Rafiee, and Keyhani (2011).
In the VAM drying method, activation energy was calculated from the (D ef f vs. w/P) curve (Eq. 12). Based on statistical analysis and logarithmic model coefficients, D 0 and E a values were estimated as 0.2469 min −1 and 15.04 Wg −1 . The values of D ef f were in the range found by other researchers (Arslan & Ozcan, 2011; Di Scala & Crapliste, 2008; Doymaz & Ismail, 2010; Wang et al., 2007; Darvishi et al., 2013) . The activation energy was also calculated by an alternate method i.e. by calculating the coefficients for Eq. 13 from k versus (w/P) curve, which yielded k 0 and E a values of 1×10 (Dadali et al., 2007) . Unlike conventional heating systems, microwaves penetrate food and expand heat throughout the material (Schiffmann, 1992) . As microwaves penetrate food, a gradient is created whereby the moisture migrates towards the superficial layers of food and is simultaneously carried away by the vacuum. As a result, in VAM drying, less energy is required to facilitate diffusion of moisture from food, resulting in lowering of activation energy. Thus the activation energy required in IJFS April 2017 Volume 6 pages 67-81 VAM dryer was found to be lower than hot air dryer. These results were in agreement with the previous investigations done on the calculation of activation energy of green bell pepper. The lower activation energy in case of VAM drying of green bell pepper requires less energy and hence, is a cost and energy saving method. 
Conclusions
The data of weight loss of bell pepper samples with time were recorded in the HAD and VAM drying experiments, and they were converted into different drying parameters such as moisture content (db), drying rate (g water evaporated g dry matter −1 min −1 ), moisture ratio (MR), ln (MR), and effective moisture diffusivity (ms −2 ) using standard methods and formula. VAM drying methods offered a maximum reduction of four to five times in drying time as compared to that in HAD. The final moisture content varied from 0.06 to 0.07 kg of water kg of dry matter −1 . The drying time ranged from 660 min (untreated sample at 60°C) to 360 min (blanched sample at 80°C) in the case of HAD and 75 min (300 W) to 450 min (100 W) in the case of VAM drying. The drying time decreased with increase in drying air temperature and power level. However, the effect of system pressure on drying time was not as significant as that of microwave power. The logarithmic equation best fitted the experimental drying data to describe the thin layer drying of green bell pepper. The values of activation energy E a were calculated to be 43.38 kJmol −1 in the case of in the case of VAM dried sample. Thus vacuum assisted microwave drying yielded better dried green bell pepper with lower drying time, higher diffusivity value, and lower activation energy requirement.
